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Abstract 
The rapid industrialization and urbanization resulted in large quantity of waste generation and in turn, environmental degradation. 
Recycling of solid waste into a sustainable construction material with optimum mix proportion is the global need to reduce its 
adverse environmental impacts. The present paper aimed at optimization of the mix proportion for designing the sustainable 
material. Sugarcane bagasse ash (SBA) was identified as the principal raw material over the study area. It was used further in 
combination with quarry dust (QD), and lime (L) for various proportions to develop the sustainable bricks. In all 35 compositions 
for SBA-QD-L bricks were developed and Physico-mechanical properties were evaluated using standard laboratory tests as per 
Indian standards. A statistical cubical regression model was formulated for compressive strength of brick as a function of mix 
proportion using XLSTAT software. To achieve the criteria of sustainability, constraints were developed in terms of achieving 
maximum compressive strength and minimum embodied energy. A multi objective non-linear optimization model was 
formulated and optimum mix proportion was obtained using software LINGO. The optimum value of compressive strength and 
embodied energy predicted by this model was 5.44 MPa and 2.32 MJ. The embodied energy was estimated to be 47 % and 5% 
lower than the conventional burnt clay and fly ash bricks. A cost analysis was also carried out between optimum composition of 
SBA-QD-L bricks and commercially available fly ash bricks. The percentage reduction in the cost was found to be 49 % and 
58% as compared to the fly ash and burnt clay bricks. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
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1. Introduction 
 The manufacturing process of conventional building materials consumes energy and natural resources [1]. 
Building bricks and blocks are one of the important materials for construction industry. The annual consumption of 
burnt clay bricks in India is around 150 x 109 no’s which requires an estimated 500x106 tones of top fertile soil and 
600 x 106 GJ of energy [2]. Over exploitation of raw material resources and extensive use of energy intensive 
materials creates an adverse impact on the environment. On the other hand, disposal of solid waste generated from 
agricultural and industrial production activity is another serious problem in developing countries like India. The 
major quantities of waste generated from agricultural sources are sugarcane bagasse, paddy & wheat straw, jute 
fibre, coconut husk, cotton stalk etc. Reuse of such wastes into energy efficient, environmental friendly and 
sustainable building alternatives appears to be techno-economic viable solution [3]. Non-linear programming (NLP) 
is the process of solving an optimization problem defined by a system of equalities and inequalities, collectively 
termed constraints, over a set of unknown real variables, along with an objective function to be maximized or 
minimized, where some of the constraints or the objective functions are non-linear. Lingo is a comprehensive tool 
designed to make building and solving linear, nonlinear (convex & non convex/Global), quadratic, quadratically 
constrained, stochastic, and integer optimization models faster, easier and more efficient. Alabi et al. [4] developed a 
linear optimization model for mix proportioning for minimum concrete strength using akure pit sand as fine 
aggregate. Linear programming technique was applied to a concrete mix design having objective function as least 
cost of concrete per cubic meter while satisfying given water-cement ratio, the specified limits for the range of 
acceptable workability, absolute volume constraint and the specified compressive strength. The design variables in 
the optimization process were cement, aggregate (fine and coarse) and water. Ibearugbulem et al. [5] developed a 
new regression model with 21 mix ratios for optimizing concrete mixes. This model was satisfactorily tested through 
laboratory experiments on concrete. The Fisher f-test revealed that the values of compressive cube strength predicted 
by the new regression model are very close to those from the experiment, with 95% confidence level. Shariq et al. 
[6] considered the variables for optimization such as 28 days cube compressive strength, water to cement ratio (w/c), 
coarse aggregate to total aggregate ratio (CA/TA) and total aggregate to cement ratio (TA/C). The influence of w/c 
ratio, CA/TA ratio and TA/C ratio on compressive strength was experimentally carried out and analysed using 
polynomial regression analysis. Mathematical polynomial model was developed for compressive strength of 
concrete as a function of mix proportions. Based on the statistical analysis, optimum concrete mix for different mix 
proportions was proposed using full factorial experimental technique. Ahmad et al. [7] develop a polynomial 
regression model for compressive strength considering factors water/binder ratio, binder content, and fine/total 
aggregate ratio to obtain optimum proportioning of concrete mix. Soudki et al. [8] developed mathematical 
polynomials for concrete strength as a function of temperature and mix proportion. The influences of the 
water/cement ratio, coarse aggregate/total aggregate ratio, total aggregate/cement ratio, and temperature on 
compressive strength were characterized and analyzed using polynomial regression. In the present paper, a multi 
objective nonlinear optimization of mix proportion was carried out for the design of sustainable brick which consists 
of Sugar Bagasse Ash (SBA) as the principal raw material. The bricks developed from sugarcane bagasse ash, quarry 
dust (QD) and lime (L) with various mix proportions were used for optimization [9]. LINGO software was used for 
the optimization of mix proportion which satisfies the strength and energy criteria of sustainable brick. 
2. Methodology 
The paper focuses on development of a non-linear programming model to obtain optimum proportioning of brick 
which gives the maximum compressive strength and minimum embodied energy. The results of 35 mix proportions 
of developed (SBA-QD-L) brick were used. A statistical regression model with compressive strength as a function of 
mix proportion was developed. The multi objective non-linear optimization model in terms of constituents of the 
SBA brick was formulated. The optimization of formulated model was carried out with the help of LINGO 
optimization software. The software was used to obtain optimum proportion that gave the maximum compressive 
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strength and minimum embodied energy. Finally, a cost analysis was also carried out for the developed sustainable 
block and commercial available fly ash brick. 
3. Experimentation 
The mixes of sugarcane bagasse ash (SBA), quarry dust (QD), and lime (L) with various compositions were 
prepared. SBA and quarry dust weight percentages in the composition mix were varied from 90 to 50% and 0 to 
40%, respectively, with 5% by weight variation. Lime percentage in the composition was varied from 10-30% by 
weight. Thirty five samples were designed from various compositions of SBA [9].  
3.1.  Compressive Strength Test Results 
For the developed SBA brick, compressive strength test were carried out. The tests were carried out on a sun 
dried product according to recommended IS standards [10]. The compressive strength was determined by using 
compression testing machine for 35 compositions. 
3.2.  Formation of Statistical Regression Model 
By using the XLSTAT software a non-linear regression model was formulated using the compressive strength as 
the objective function of the model. The obtained equation has cubical nature having SBA, quarry dust and lime as 
the decision variables. Cubical regression analysis was carried out on the trial mixes. Equation 1 showed the best fit 
for the compressive strength of the brick. 
 
௖݂ ൌ ݇ଵ െ ݇ଶ כ ܵܤܣ כ ܳܦ כ ܳܦ ൅ ݇ଷ כ ܵܤܣ כ ܳܦ כ ܮ݅݉݁ ൅ ݇ସ כ ܵܤܣ כ ܮ݅݉݁ כ ܮ݅݉݁ ൅ ݇ହ כ ܳܦ כ ܳܦ כ ܮ݅݉݁ െ
݇଺ כ ܳܦ כ ܮ݅݉݁ כ ܮ݅݉݁                                                                                 (1) 
 
Where, k1, k2, k3, k4, k5 and k6 are the constants obtained from the regression analysis. 
k1= 2.939; k2= - 41.18; k3= 50.68; k4= 15.17; k5= 220.19; k6= - 119.24 
 
 
 
Fig. 1. Measured and computed compressive strength 
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The computed compressive strength from the above expression was compared with the experimentally obtained 
strength. Fig 1 indicates that there is a good agreement between the computed and experimental values.  
4. Embodied Energy Calculation and Model Formation 
4.1. Calculation of Energy 
The principal criteria for the design of sustainable brick is embodied energy associated with it should be 
minimum. The embodied energy associated with lime is 4MJ/Kg. An equivalent energy (embodied energy) 
consumed during production of building bricks were evaluated from the incorporated lime weight percentage 
including the transportation distance of raw materials [11]. Energy consumption of clay brick was estimated on the 
basis of consuming quantum of fuel (coal/firewood) required for firing the kiln [12]. The energy required for the 
transportation of material is considered to be 50 MJ/tonne up to the distance of 50 km. Using these guidelines the 
total embodied energy for the mix 1 was calculated as 1.0825MJ. Similarly, the embodied energy for all the 35 
compositions was determined for the development of optimization model. 
4.2.  Formation of Constraints 
For achieving the above mentioned design objectives formulation of the constraints for compressive strength and 
embodied energy was done. The constraints were in terms of decision variables that are SBA, quarry dust and lime. 
The minimum fly ash content for fly ash bricks and blocks to qualify as fly ash based product shall be 50% of total 
input material [13]. So the constraint for SBA in the non-linear programming model was defined as Equation 2.  
SBA≥ (QD+Lime)                                                                         (2) 
 
In SBA brick, lime is the only component that imparts embodied energy, for sustainable brick the embodied 
energy of SBA brick should be less than 2.32 MJ [12]. 
Lime<2Ǥ32                                                                                                                                                              (3)         
 The sum of the three ingredients, i.e. SBA, quarry dust and lime should be 1. 
 ൅  ൅  ൌ ͳ                                                (4) 
According to IS 12894: 2002, the minimum strength requirement for class 3.5 fly ash lime brick is 3.5 N/mm2 [14]. 
 
ʹǤͻ͵ͻ െ ͶͳǤͳͺ ൈ  ൈ  ൈ  ൅ ͷͲǤ͸ͺ ൈ  ൈ  ൈ  ൅ ͳͷǤͳ͹ ൈ  ൈ  ൈ  ൅ ʹʹͲǤͳͻ ൈ
 ൈ  ൈ  െ ͳͳͻǤʹͶ ൈ  ൈ  ൈ  ൐ ͵Ǥͷ                                                                                 (5) 
4.3.  Non-linear Programming Model 
In this multi objective non-linear programming model compressive strength was the objective function which is 
expressed in terms of SBA, quarry dust and lime 
ሺୡሻ ൌ ʹǤͻ͵ͻ െ ͶͳǤͳͺ ൈ  ൈ  ൈ  ൅ ͷͲǤ͸ͺ ൈ  ൈ  ൈ  ൅ ͳͷǤͳ͹ ൈ  ൈ  ൈ  ൅
ʹʹͲǤͳͻ ൈ  ൈ  ൈ  െ ͳͳͻǤʹͶ ൈ  ൈ  ൈ                                                                               (6) 
Which is subjected to equation 2, 3, 4 and 5. 
SBA≥ (QD+Lime) 
Lime<2Ǥ32 
 ൅  ൅  ൌ1 
ʹǤͻ͵ͻ െ ͶͳǤͳͺ ൈ  ൈ  ൈ  ൅ ͷͲǤ͸ͺ ൈ  ൈ  ൈ  ൅ ͳͷǤͳ͹ ൈ  ൈ  ൈ  ൅ ʹʹͲǤͳͻ ൈ 
ൈ  ൈ  െ ͳͳͻǤʹͶ ൈ  ൈ  ൈ  ൐ ͵Ǥͷ 
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5. Results and Discussion 
5.1. Influence of Various Factors on Compressive Strength 
5.1.1. Effect of SBA at Various Percentage of Lime 
 
Fig. 2. Effect of SBA on compressive strength of brick 
Fig 2 shows the variation of compressive strength of brick with change in SBA content at different percentage of 
lime. The percentage of SBA plays an important role in brick strength. From Fig 2 it is clear that the compressive 
strength is inversely proportional to the SBA. The variation of strength was in the range of 3.07 to 3.33 MPa, 3.22 to 
4.73 MPa, 3.42 to 6.59 MPa, 3.32 to 4.2 MPa and 3.82 to 5.01 MPa when SBA content varied from 90 to 50, 85 to 
50, 80 to 50, 75 to 50 and 70 to 50% for lime content of 10, 15, 20, 25 and 30 % respectively. 
5.1.2. Effect of Quarry Dust at Various Percentage of Lime 
 
 
Fig. 3.  Effect of quarry dust on compressive strength of brick 
2.5
3
3.5
4
4.5
5
5.5
6
0.5 0.6 0.7 0.8 0.9 1C
om
pu
te
d 
co
m
pr
es
siv
e 
st
re
ng
th
 
(M
pa
) 
% SBA 
10 % lime 15 % lime 20 % lime 25 % lime 30 % lime
2
2.5
3
3.5
4
4.5
5
5.5
6
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
C
om
pu
te
d 
co
m
pr
es
siv
e 
st
re
ng
th
 
(M
Pa
) 
%  Quarry Dust 
10 % lime 15 % lime 20 % lime 25 % lime 30 % lime
281 Mangesh Madurwar et al. /  Procedia Engineering  118 ( 2015 )  276 – 283 
 
Fig 3 shows the variation of compressive strength with change in quarry dust. It was observed that at lower 
percentage of lime, quarry dust does not have any effect on compressive strength. At higher percentage of lime the 
compressive strength gradually increased with increase in quarry dust. 
5.2. LINGO Optimization Model and Solution 
A multi objective non-linear programming model was developed and it was solved by LINGO optimization 
software to maximize the compressive strength and to minimize the embodied energy. The LINGO solver status 
(Fig. 4) window provides information on the number of non-linear, integer and total variables in the model. It also 
explains the non-linear and total number of constraints used in the model; and the number of nonlinear and total 
nonzero variable coefficients used. The solver status box in this window details the model classification (LP, QP, 
ILP, IQP, NLP, etc.), state of the current solution (local or global optimum, feasible or infeasible, etc.), the value of 
the objective function, the infeasibility of the model (amount constraints are violated by), and the number of 
iterations required to solve the model. In this non-linear programming model three non-linear variables were used 
namely percentage of SBA, quarry dust and lime. The value of the objective function that has maximum value of 
compressive strength was 5.44MPa. The model also described state of the current solution, infeasibility of the model 
and the number of iterations required to solve the model. Fig. 4 indicates the values of each variable that produces 
the optimal value of the objective function. Thus, to achieve maximum compressive strength and minimum 
embodied energy of the bricks the percentage variation of SBA, QD and Lime was obtained as 50: 29.19: 20.8 (Fig 
5). The reduced cost for any variable that is included in the optimal solution is always zero. For  variables not 
included in the optimal solution, the reduced cost shows how much the value of the objective function would 
decrease (for a MAX problem) or increase (for a MIN problem) if one unit of that variable were to be included in 
the solution. For example, if the reduced cost of a certain variable says SBA was 5, then the optimal value of the 
compressive strength would decrease by 5 units if 1 unit of the SBA were to be added. 
The slack or surplus column in the solution report shows how tight the constraint is. If a constraint is completely 
satisfied as equality, then slack/surplus is zero. If slack/surplus is positive, then this tells that how many more units 
of the variable could be added to the optimal solution before the constraint becomes equality. If slack/surplus has 
negative value, it indicates that the constraint has been violated. LINGO optimization software is used as a 
composition tool for the design of sustainable brick to find out the optimum composition which gives the maximum 
compressive strength and minimum embodied energy value. Maximum value of compressive strength was 5.44 
MPa. Minimum value of embodied energy was 2.32 MJ.  
The embodied energy of the commercially available burnt clay brick and fly ash brick were also estimated and 
computed with developed SBA bricks. It was observed from the Table 1 that the embodied energy was estimated to 
be 47 % and 5% lower than the conventional burnt clay and fly ash bricks respectively. 
 
 
Fig. 4. LINGO software solver status 
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Fig. 5. LINGO software output model 
 
Table 1. Comparative analysis of optimized result of SBA-QD-L brick Vs commercially available Burnt Clay, Fly Ash-Cement bricks. 
Type of Brick Weight 
(kg) 
Density 
(kg/m3) 
Compressive Strength 
(MPa) 
Water 
Absorption (%) 
Energy/1000 bricks 
(GJ) 
Brick Energy 
(%) 
Burnt Clay 3.250 1600 3.50 20 4.250 100 
Fly Ash 3.640 1800 6.50 12 2.366 56 
SBA-QD-L 
(Optimization Model) 2.852 1409 5.44 <20 2.32 53 
5.3. Cost Analysis 
A comparative cost analysis was carried out between SBA and fly ash brick. The composition of SBA brick is SBA, 
quarry dust and lime. For fly ash brick fly ash, sand and cement are the principal raw material. A cost analysis is 
carried out for 1000 number of SBA and fly ash brick by considering raw material cost, labour cost, energy cost, 
water cost and miscellaneous charges and the percentage variation in cost is calculated. The optimum percentage of  
 
Table 2. Optimized samples 
Trial Mix No Compressive Strength(MPa) Embodied Energy(MJ) Cost(INR) 
15 3.75 1.55 1.85 
16 4.16 1.70 2.02 
17 4.73 1.74 2.12 
20 3.57 1.84 1.76 
21 3.79 1.87 1.83 
22 4.16 1.95 1.94 
23 4.7 2.07 2.07 
24 5.45 2.27 2.27 
25 3.65 2.16 1.78 
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raw material is taken for the cost calculation of SBA brick. It was observed that the SBA brick is 49% and 58% 
cheaper as compared to the commercially available fly ash and burnt clay brick. It was also observed that the 
construction cost per square meter is 22% cheaper for SBA bricks as compared to the construction cost with 
commercially available fly ash brick. For sustainable product like SBA brick this cost variation is mainly due to the 
change in proportions of the raw materials. Except the cost of raw material other cost such as energy, water, labour 
and miscellaneous cost are taken same for all 35 samples. It was observed that the compressive strength (i.e. >3.5 
MPa) and embodied energy (i.e. < 2.32 MJ) requirements are satisfied only by 9 samples, that are tabulated in Table 
2. From the table it is clear that minimum cost of brick is ₹ 1.76 (trial mix no 20) and maximum cost is₹ 2.27 (trial 
mix no 24). 
6. Conclusion 
 A mathematical model for the estimation of compressive strength based on mix proportions of constituent 
elements was derived. To achieving maximum compressive strength and minimum embodied energy a multi 
objective non-linear optimization has been carried out using LINGO optimization software for the design of 
sustainable brick with bagasse ash as principal raw material. Maximum compressive strength has been obtained at 
50% SBA, 29.19 % quarry dust and 20.8 % lime. The optimum value of compressive strength and embodied energy 
predicted by this model was 5.44 MPa and 2.32 MJ respectively. The estimated embodied energy is found to be 47 
% and 5% lower than the conventional burnt clay and fly ash bricks respectively. A optimum composition of SBA-
QD-L bricks is also found to be 49 % and 58% cost effective as compared to the fly ash and burnt clay bricks 
respectively. The presented approach can be beneficial for the appropriate utilization of natural resources and waste 
materials while fulfilling the criteria of sustainability. 
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